Abstract. Knowledge of tissue optical properties, in particular the absorption μ a and the reduced scattering coefficient μ 0 s , is required for diagnostic and therapeutic applications in which the light distribution during treatment has to be known. As it is generally very difficult to obtain this information with sufficient accuracy in vivo, optical properties are often approximately determined on ex vivo tissue samples. In this case, the obtained optical properties may strongly depend on the sample preparation. The extent of the expectable preparationdependent differences was systematically investigated in comparative measurements on dissected and homogenized porcine tissue samples (liver, lung, brain, and muscle). These measurements were performed at wavelengths 520, 635, 660, and 785 nm, using a dual-step reflectance device and at a spectral range of 515 to 800 nm with an integrating sphere setup. In a third experiment, the density of tissue samples (dissected and homogenized) was investigated, as the characteristic of the packaging of internal tissue structures strongly influences the absorption and scattering. The standard errors of the obtained absorption and reduced scattering coefficients were found to be reduced in case of homogenized tissue. Homogenizing the tissues also allows a much easier and faster sample preparation, as macroscopic internal tissue structures are destroyed in the homogenized tissue so that a planar tissue sample with well-defined thickness can easily and accurately be prepared by filling the tissue paste into a cuvette. Consequently, a better reproducibility result was obtained when using homogenized samples. According to the density measurements accomplished for dissected and homogenized tissue samples, all types of tissues, except lung, showed a decrease in the density due to the homogenization process. The presented results are in good agreement for μ 0 s regardless of the preparation procedure, whereas μ a differs, probably influenced by blood content and dehydration. Because of faster and easier preparation and easier sample positioning, homogenization prior to measurement seems to be suitable for investigating the optical properties ex vivo. Additionally, by means of using the homogenization process, the sample size and thickness do not need to be particularly large, as is the case for most biopsies from the OR.
Introduction
Optical diagnostic and therapeutic applications usually depend on knowledge of the light distribution in the treated area, for instance in photodynamic therapy (PDT) [1] [2] [3] and diagnosis (PDD), 4 ,5 photocoagulation, 6, 7 and fluorescence diagnosis in general. 8, 9 The light distribution in turn depends on the optical tissue properties (μ a ; μ s ) and their distribution in space. [10] [11] [12] There are several photometric techniques (direct and indirect) available for measurement of optical properties. Direct measurements (thin sample, single scattering events) focus on one particular microscopic coefficient and normally do not use a model for light propagation. Indirect methods (thick sample and multiple scattering) calculate the macroscopic optical parameters via an inverse model [inverse adding doubling (IAD), diffusion approximation] from measured quantities (e.g., diffuse/collimated reflection or transmission). 13 The estimation of optical properties of extracted biological tissues is often performed by single-or double-integrating sphere (IS) technique. [14] [15] [16] [17] [18] [19] [20] Another approach is to exploit the backscattered light from a thick sample surface either for absolute measurement or spatially resolved evaluation. [21] [22] [23] [24] [25] [26] [27] In a modified form, backscattered light can be also used for time resolved, 28 frequency domain, 29 and spatial-frequency domain 30 measurements, and finally also using OCT-technology. 31 Furthermore, such techniques have the potential to be adjusted to clinical applications.
Biological tissue, however, does usually not show uniform optical properties within a macroscopic volume as it contains regions made up of different types of cells, connective tissue, vessels, and boundary layers, such as an organ capsule (serous membrane) or membranes. [32] [33] [34] [35] As well, natural degradation of the tissue samples and the related changes in pH, moisture, and oxygenation have to be taken into account. 12 Precise and reproducible slicing of the tissue to investigate the optical properties by IS techniques is challenging, and often the fixing compounds used in preparation must be taken into account. 36 Shredding the tissue causes most of its internal structures to be destroyed or more evenly distributed, 10 thus creating a macroscopic volume with rather uniform optical properties. Although studies concerning the comparison of different measurement techniques are available and a lot of investigations into tissue mimicking phantoms (layered and homogenous) are performed, [37] [38] [39] [40] the influence of the structure of tissue sample on the optical properties has not been investigated systematically on biological samples so far. Thus, the objective of this investigation is the comparison of the optical properties measured on dissected, sliced tissue samples and their corresponding homogenized versions using the IS technique and a dual-step reflectance method (DSR). Both employed methods use mathematical approximations, like the radiative transfer equation, in combination with homogeneous optical tissue properties to calculate the optical properties from reflection or transmission measurements on the illuminated sample. These approximations often rely on simplifying assumptions about the investigated tissue volume, such as homogeneity of the optical tissue properties. 6 In addition to evaluating whether the homogenizing process is suitable to obtain at least similar optical properties values by using dissected tissue samples, or whether the interference is too harsh to the tissue's structure, a simplification and thus timesaving aspect of the tissue preparation process accompanied by an increase of reproducibility should be tested. In particular the method of homogenizing is very interesting for small, heterogeneous, or traumatized samples from biopsies or resections (e.g., cholesteatoma 41 and glioblastoma 42 ). As the optical properties of ex vivo samples highly depend on the storage conditions and further processing 7, 11, 32, 43 and may thus decidedly differ from those of in vivo tissue, future work should be focused on the relation between these two kinds of state of tissue conditions.
Materials and Methods

Samples and Sample Preparation
Measurements, performed on porcine brain, liver, lung, and muscle from the abattoir, were used within 48 h after sacrifice, representing heterogenic pasty, bloody, uncongested, and structured conditions, respectively. The samples were stored in a refrigerator in separated plastic containers at a temperature of 4°C until experiments. For DSR measurements, the tissue samples (dissected: Ø: ∼40 mm; homogenized Ø: ∼80 mm) were placed into plastic Petri dishes (Ø: 80 mm; height: 25 mm). A sample thickness of ∼10 mm was chosen to prevent light interaction with the bottom of the Petri dish. An even sample surface was imperative for reproducible measurement results. Tissue homogenization 10 was accomplished using a commercial hand blender (STUDIO St10, Sertronics GmbH, Saarlouis, Germany) for 2 min at ∼12;000 rpm (power mode II). IS measurements were performed on samples dissected into rectangular slices with at least 30-mm edge length and a thickness of 1 mm. The tissue slices were positioned between two microscope slides (50 mm × 50 mm × 1 mm) separated by 1-mmthick spacers. In this way, a squeezing of the sample between the glass slides was avoided and a defined thickness could be obtained to prevent an unwanted alteration of the scattering and absorption coefficients. 6, 32 The homogenized tissue paste was equally distributed on a glass slide and covered by a second glass slide with the 1-mm spacer in between. Careful positioning guaranteed minimal squeezing of the tissue paste.
The sample preparation (dissection/homogenizing) took place immediately before measurement, hence guaranteeing reproducible tissue conditions.
Experimental Setups
Dual-step reflectance measurement
The determination of optical properties was accomplished by (a) spectral measurement of the total diffuse reflectance of the tissue surface using a broadband white-light source and (b) detecting the spatially resolved diffuse reflectance from the tissue surface illuminated with a monochromatic laser beam in a sharply defined spot via a CCD camera. These two procedures were condensed to one setup, termed DSR setup. This setup is described in the following.
The spectral measurement of the total diffuse reflectance of the tissue surface was performed by perpendicular illumination of the sample surface by a halogen white-light source (Xenophot, Osram, Germany) coupled into an optical fiber (Ø core : 1000 μm, NA: 0.37), as shown in Fig. 1 . The achromatic lens (f ¼ 5 mm) at the distal end of the optical fiber ensures a uniform light distribution within a circular spot on the tissue surface (Ø spot : 20 mm). The remitted light is collected by means of a second optical fiber (Ø core : 600 μm, NA: 0.37), which is aligned under 45 deg with respect to the tissue surface. The polished flat end of this detection fiber is positioned at a distance of 50 mm to the intersection point of the fiber axis and the sample surface. To obtain correct results, it has to be ensured that the surface area from which remitted light is collected into the detection fiber is fully contained within the homogeneously illuminated spot on the tissue surface. The detection fiber guides the collected light to a spectrometer (S2000, Ocean Optics, Ostfildern, Germany). The spectrometer is sensitive in the spectral range from 200 to 850 nm. For each measurement a reference spectrum was taken, using a Lambertian reflectance standard (SG3060/7, Ø: 30 mm, reflectance: 30%, L.O.T. -Oriel GmbH & Co. KG, Darmstadt, Germany) using the same geometrical setup. The software OOIBASE (Ocean Optics, Dunedin, Florida) was used to visualize and save the respective spectra of sample and standard.
By measuring the remitted light intensities of the tissue sample (I sample ; I standard ) in comparison with the Lambertian remission standard R s , the total diffuse reflectance R of the sample surface can be evaluated according to Eq. (1): E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 7 5 2 R ¼
In approximation the following equation can be used:
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E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 7 0 7 R ≈ exp
where E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 6 4 0 q ¼
denotes the quotient of the sample's absorption and reduced scattering coefficient. The function AðqÞ additionally depends on the relative refractive index n rel ¼ n surrounding n sample , and can be determined by Monte Carlo simulations. By inverting Eq. (2) via lookup tables and interpolation, the quotient q can be calculated for any experimentally obtained values of R d . For the spatially resolved reflectance measurement, a monochrome CCD camera (SensiCam Long Exposure, PCO Computer Optics GmbH, Kelheim, Germany) was used to record the spatial intensity distribution on the sample surface while irradiated with a narrow laser beam. The employed setup allowed the determination of optical properties at four specific fixed wavelengths. For this purpose, four laser diodes (Flexpoint Dot, Laser Components, and Olching, Germany) were arranged annularly around the CCD camera and focused into one single spot, as can be seen in Fig. 2 . The laser diodes emit at central wavelengths of 520, 635, 660, and 785 nm at a maximum optical power of 5 mW. The intersection point of all laser beams is located within the object plane of the camera. The measurement procedure was partially automated and implemented in a MATLAB code (MATLAB, The MathWorks Inc., Natick, Massachusetts).
The CCD camera takes an image of the tissue sample surface, while laser light of a single laser diode illuminates a small spot (Ø: ≪0.4 mm) on the sample surface. The procedure is repeated for every laser diode wavelength; hence, one image is generated for every specific wavelength. For evaluation the radial dependence of the light intensity around the laser spot has to be measured; therefore, the light intensity is mapped as a function of the pixel distance from the center of the illuminated light spot.
To increase the dynamic range of the remitted light distribution, suitable measures must be taken such that almost every pixel contains a signal clearly distinguishable from the background. To achieve this, images of the light distribution are taken by gradually increasing the integration time of the camera from a minimum value (2 ms), where no pixels are saturated, to a maximum value (5000 ms). Through this step-by-step increase of the integration time, more and more pixels near the spot center become saturated, whereas more and more pixels far from the spot center provide a signal well distinguishable from the background. When considering only unsaturated pixels with signals well above the background and averaging over all respective time-normalized intensities in each of these pixels, a combined gray-scale image with an enhanced dynamic range can be generated. By binning of its pixels into suitably chosen intervals of radial distance from the illumination spot center and averaging over the signal intensities in each bin, a graph of the averaged radial dependence of the diffusely remitted light intensity can be constructed. The sample's effective attenuation coefficient, E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 5 3 2
can then be determined by fitting a model curve to this graph, based on Monte Carlo simulations with preset values for the scattering anisotropy gðλ n Þ, the refractive index n sample ðλ n Þ of the sample, and the value qðλ n Þ determined from the total diffuse reflectance measurements for the respective (laser) wavelength λ n as described above.
45,46
Integrating sphere setup
The determination of the optical properties using the integrating sphere (IS) was performed, among others, by the indirect spectral measurement of diffuse reflected and transmitted light intensities during illumination of a tissue sample by a white-light source. Subsequently, an IAD procedure 47, 48 can be used to evaluate the optical properties μ a and μ 0 s , provided that the scattering anisotropy g is predefined. Figure 3 shows exemplarily the setup for the measurement of the diffuse transmitted light.
A xenon arc lamp (D-light, Karl Storz, Tuttlingen, Germany) was coupled into a multimode optical fiber (Ø core : 1.5 mm, NA: 0.37). At the distal end of the fiber the light passes an iris, which was used to adjust the beam diameter and to reduce stray light. A lens (f: 60 mm) focuses the beam onto the sample. Between the distal fiber end and the first iris, a shutter is located and can be used to perform dark measurements for background corrections. The IS (Ø: 101.6 mm, Labsphere North Sutton) is coated with Spectralon ® , which has a reflectivity of about 99% in the spectral range from 400 to 1500 nm. The reflected or transmitted diffuse light is detected in the spectral range from 200 to 850 nm via an optical fiber (Ø core : 500 μm, NA: 0.3) attached to a spectrometer (S2000, Ocean Optics, Dunedin) by collecting stray light from the sphere surface within the fiber's numerical aperture.
The spectral determination of the optical properties μ a and μ 0 s of a tissue sample was performed by calculating the diffuse transmission T d and the diffuse reflectance R d out of three spectral measurements in counts/ms (Sig Td , Sig Rd , and Sig Ref ) in the wavelength range between 400 and 800 nm. The device configurations during the three spectral measurements are shown in Fig. 4 . Due to the low collimated transmission signal, it was not possible to determine the anisotropy factor g, which would otherwise be possible with an extended set of measurements (not shown here). As a consequence, μ s could not be calculated independently; hence, constant literature values were allocated to the scattering anisotropy g and the refractive indices n sample of the sample, namely 0.8 43 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 9 9T
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 2 0 9
The variable R sphere represents the wavelength depending reflectance of the IS's inner coating Spectralon ® . Using the inverse adding doubling method established by Prahl et al., 47, 48 the optical properties μ a and μ 0 s can then be computed from T d and R d .
Tissue density measurements
Mass density measurements were performed on dissected and homogenized tissue samples to identify potential density changes during the homogenizing process as these may be linked to optical property changes. For every tissue, n ¼ 5 density measurements were performed, whereby sample volumes of at least 1 cm 3 were used. For that purpose, a vessel placed on top of a scale (BP 310 S, Sartorius, Göttingen, Germany) ( Fig. 5 ) was filled with water and the corresponding volume (V w ) was determined. Thereupon the vessel was emptied, a volume of tissue had been prepared, its mass m sample had been determined, and then inserted into the vessel, and the scale tared. By filling the vessel with water, the reduced volume V r can be estimated. The water volume displaced by the sample volume V sample can then be calculated as ΔV ¼ V w − V r . The tissue density can then be calculated according to the equation [Eq. (7)] as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 4 3 3 ρ sample ¼ m sample V :
Data Analysis
The data analysis and representation were performed using Sigma Plot (V.11.0, Systat Software GmbH, Erkrath, Germany). For brevity, abbreviations were used for the four combinations of experimental method and tissue preparation as follows: for the IS setup I and ID in combination with dissected tissue, respectively, IH in combination with homogenized tissue; for the DSR setup R and RD and RH, respectively. Optical properties were determined for each of the four experiment/preparation combinations, each of the four different laser wavelengths of the DSR setup, and each of the four different tissue types. In each case, the obtained optical properties are graphically represented by mean values (μ mean ) out of n ¼ 5 measurements, while the error bars represent the corresponding standard errors (μ err ). As the IS measurements were performed with a broadband white-light source, the results are shown as full spectra (515 to 800 nm) with error bars at the DSR wavelength positions. The relative standard error, i.e., the ratio of the standard error and the mean value, was evaluated in percent in each case. Afterward, the ratio of the relative standard error for homogenized and dissected tissue was calculated for each case, i.e., for each experimental method, for each wavelength λ, and for each of the four tissue types: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 6 3 ; 1 2 1 ðrλ; ISÞ ¼ μ err ðλ; IHÞ∕μ mean ðλ; IHÞ μ err ðλ; IDÞ∕μ mean ðλ; IDÞ ; 
A ratio value r < 1 indicates a smaller relative standard error in case of homogenized compared with dissected tissue. Ratio values r > 1 indicate that the dissected tissue samples showed smaller relative standard errors. A reference line at r ¼ 1 was included in each of these graphs for clarity.
Results
Optical Property Measurements
The optical properties obtained for each experiment/preparation combination at the four different wavelengths of the DSR setup are shown in Figs. 6(a)-6(h) for each tissue type (brain, liver, lung, and muscle). The absorption coefficient μ a is shown in the left column, the reduced scattering coefficient μ 0 s in the right column.
In most cases, the absorption coefficient μ a was found to be higher for homogenized tissues (IH and RH) than for the corresponding dissected tissues (ID and RD). Muscle tissue [ Fig. 6(g) ] shows the opposite behavior, except at 520 nm, where the IS measurements again yielded a higher μ a value for homogenized tissue (IH versus ID). Overall, in almost all measurements, the relative standard error decreased using homogenized tissue samples instead of dissected ones.
IS measurements on brain tissue [ Fig Fig. 6(f) ], whereas the opposite behavior is obtained for muscle tissue [ Fig. 6(h) ]. DSR measurements on brain and liver tissue did not yield significant differences between dissected and homogenized tissue.
For liver tissue, the differences between dissected and homogenized tissue are generally very small, except at a wavelength of 520 nm [Figs. 6(c) and 6(d) ].
The comparison of the ratio of relative standard errors of homogenized and the corresponding dissected tissue samples is shown in Fig. 7 . The ratio values obtained from IS measurements are shown in the left column, for μ a in the upper, and μ 0 s in the lower graph. The corresponding results obtained from DSR measurements are shown in the right column. As can be seen, the relative standard error for μ 0 s was in most cases smaller (r < 1) than in the case of homogenized samples, except for lung tissue. For μ a around one-third of the values were larger Fig. 8(h) ]. The smallest deviation depending on preparation method could be observed for liver [ Fig. 8(d)] ; additionally, the revealed results for absorption and reduced scattering are in good relation to Roggan et al. 43 In the most graphs, except for μ 
Tissue Density Measurements
The results of the tissue density measurements are listed in Table 1 and compared with literature values. 51 In the case of lung tissue, the obtained results were compared with both deflated and inflated lung tissue; in the case of muscle tissue, to skeletal muscle tissue. For all types of tissue, except lung, a decrease in the mass density was observed upon homogenization. The values for dissected tissue correspond well with the literature data.
Discussion
The optical properties of different types of homogenized and dissected porcine tissue samples (brain, liver, lung, and muscle) were determined using IS and DSR measurements. In the case of homogenized tissue, a reduction in the relative standard error of the obtained optical coefficients was observed, which can be attributed to an improved reproducibility of the experiments. Furthermore, the improved reproducibility can be attributed to the destruction of internal tissue structures, so that extreme local changes 33 in the optical properties of the specific tissue sample can be overcome. This seems to be a fact for all tissues investigated except for lung samples (Fig. 7) , which might be traced back to incomplete homogenizing within the 2 min shredding. Overall, using homogenized tissue samples, the preparation of the samples was much easier, and the performance of the experiments was less time consuming. All in all, homogenization of tissues for ex vivo experiments using standard setups like IS or diffuse reflectance analysis seems to be a promising way to create stable and reproducible datasets of the optical properties of different tissues. However, one has to consider whether the gained results of such a methodology are suitable for the particular clinical application. It can be derived that the absorption coefficient is increased for homogenized tissue samples in comparison with the corresponding sliced tissue, which can be explained by a more even distribution of blood cells within the tissue sample. Red blood cells are one of the main absorbers in tissues, 7 whereby the increased μ a values in the spectral range of 500 to 580 nm can be explained. 43, 52 In contrast to the dissected samples, where blood is concentrated in certain areas and vessels, the blood will be spread fairly evenly over the whole sample volume upon homogenization. This may lead to a higher μ a from 400 to 600 nm as seen in the IS spectral data [ Figs. 8(a) , 8(c), 8(e), and 8(g)] and can be related to an effect known as pigment packaging. 53 Equally, the destruction of internal structures changes the scattering coefficient in comparison with the sliced sample due to altering of local nonuniformities in the microstructure, e.g., the size, shape, and orientation as well as the refractive index mismatch of the scattering particles. 54 The homogenization process also raises issues like how the changes in tissue morphology, namely the introduction or extraction of air, in addition to the redistribution of tissue fluids or other tissue constituents, may influence the absorption and scattering coefficients measurable on the sample. 54 Therefore, mass density measurements were performed additionally to assess the extent of such morphological changes induced by the used tissue homogenization procedure.
Within the experimental errors, the measured mass densities of the dissected tissue samples were quite consistent with the corresponding literature values. The wide range of literature values in the case of lung tissue can be explained by the potentially high air content in the tissue. For full inflation, densities around 0.23 g∕cm 3 are found in the literature, whereas for deflation the density is reported to increase to around 1.09 g∕cm 3 . The performed density measurements on dissected lung tissue yielded values of around 0.480 g∕cm 3 , which is intermediate between the two extreme values reported in the literature. 51 In all cases, despite lung tissue, homogenizing of the tissue samples lead to a decrease in density. This might be explained by destroying denser structures and simultaneously inserting air into the sample due to the mixing procedure. Such an effect could potentially be avoided by performing the homogenization in vacuum. Lung tissue, on the other hand, becomes a lot denser (from 0.480 to 1.015 g∕cm 3 ) upon homogenization, which might be due to a removal or destruction of the air inclusions in the lung tissue. In the case of muscle tissue, the opposite effect is observed, whereby rather well-aligned supporting structures within muscle tissue are destroyed; upon homogenization, these "boundaries" are strongly disturbed so that they strongly scatter the impinging light. 18, 33, 52 The performed tissue preparation may affect the determined optical properties. Although the destruction of the structure may influence the absorption and reduced scattering coefficient, packaging effects and blood distribution may alter mainly the absorption coefficient, and the preparation related density changes may have influences on both parameters.
The advantages tissue homogenization compared to tissue slices is that even small samples become usable for the determination of its optical properties. This applies especially to the IS measurement technique, where the sample size and thickness do not need to be particularly large. 55 Hence, after homogenizing the tissue, a thin layer of the disintegrated tissue can be spread between two glass slides whose distance can be quite small. One only has to ensure that the sample port is fully covered and that the sample is not squeezed. Regarding experimental aspects, homogenization allows for a much faster and easier sample preparation, due to the fact that no preparation time is required for a suitable tissue dissection aiming for an increase in reproducibility of the optical property data.
Conclusion
The optical properties of tissue samples were investigated and compared for homogenized versus dissected tissues. The comparison of the data showed good agreement for μ 0 s , while the μ a differences were probably influenced by blood. Experiments using homogenized tissue samples show high reproducibility and are less time consuming. Further investigations should be performed to statistically proof the statement.
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